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Abstract

Background Orthopaedic biomaterials are susceptible to

biofilm formation. A novel lipid-based material has been

developed that may be loaded with antibiotics and applied

as an implant coating at point of care. However, this

material has not been evaluated for antibiotic elution,

biofilm inhibition, or in vivo efficacy.

Questions/purposes (1) Do antibiotic-loaded coatings

inhibit biofilm formation? (2) Is the coating effective in

preventing biofilm in vivo?

Methods Purified phosphatidylcholine was mixed with

25% amikacin or vancomycin or a combination of 12.5%

of both. A 7-day elution study for coated titanium and

stainless steel coupons was followed by turbidity and zone

of inhibition assays against Staphylococcus aureus and

Pseudomonas aeruginosa. Coupons were inoculated with

bacteria and incubated 24 hours (N = 4 for each test

group). Microscopic images of biofilm were obtained.

After washing and vortexing, attached bacteria were

counted. A mouse biofilm model was modified to include

coated and uncoated stainless steel wires inserted into the

lumens of catheters inoculated with a mixture of S aureus

or P aeruginosa. Colony-forming unit counts (N = 10) and

scanning electron microscopy imaging of implants were

used to determine antimicrobial activity.

Results Active antibiotics with colony inhibition effects

were eluted for up to 6 days. Antibiotic-loaded coatings

inhibited biofilm formation on in vitro coupons (log-fold

reductions of 4.3 ± 0.4 in S aureus and 3.1 ± 0 for P

aeruginosa in phosphatidylcholine-only coatings, 5.6 ± 0

for S aureus and 3.1 ± 0 for P aeruginosa for combination-

loaded coatings, 5.5 ± 0.3 for S aureus in vancomycin-

loaded coatings, and 3.1 ± 0 for P aeruginosa for amikacin-

loaded coatings (p\ 0.001 for all comparisons of antibi-

otic-loaded coatings against uncoated controls for both

bacterial strains, p\ 0.001 for comparison of antibiotic-

loaded coatings against phosphatidylcholine only for S

aureus, p = 0.54 for comparison of vancomycin versus

combination coating in S aureus, P = 0.99 for comparison

of antibiotic- and unloaded phosphatidylcholine coatings in

P aeruginosa). Similarly, antibiotic-loaded coatings

reduced attachment of bacteria to wires in vivo (log-fold
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reduction of 2.54 ± 0; p\ 0.001 for S aureus and

0.83 ± 0.3; p = 0.112 for P aeruginosa).

Conclusions Coatings deliver active antibiotics locally to

inhibit biofilm formation and bacterial growth in vivo.

Future evaluations will include orthopaedic preclinical

models to confirm therapeutic efficacy.

Clinical Relevance Clinical applications of local drug

delivery coating could reduce the rate of implant-associ-

ated infections.

Introduction

Musculoskeletal trauma often requires implanted bioma-

terials for fixation or joint replacement that are susceptible

to biofilm formation, which can lead to persistent infections

[11, 65, 68]. The primary strategy for prevention is aseptic

surgical technique followed by prophylactic systemic

administration of antibiotics [28, 71]. Antiinfective bio-

materials are increasingly used as an adjunctive strategy to

prevent implanted biomaterial infections and to inhibit

biofilm-forming microorganisms [13, 27, 44, 49, 55, 63,

64]. Commonly used local antibiotic delivery systems

range from antibiotic-loaded bone cement to calcium-based

drug delivery systems to sprinkling antibiotics within the

wound site [8, 24, 40, 42]. Recent developments have been

focused on degradable and customizable local delivery

strategies to ensure coverage of the wound, effective

antibiotic elution, and minimization of secondary proce-

dures [15, 30, 60]. These local delivery strategies include

degradable sponges [50], injectable biomaterials [48, 53,

80], and coatings of antimicrobial molecules on implanted

surfaces [25, 30, 43, 66]. These materials vary in degra-

dation rate and elution profile of antimicrobials and may

require prefabrication to attach antimicrobial molecules or

coating materials to implant surfaces.

We have developed a novel phosphatidylcholine-based

material that can be loaded with antibiotics and applied as a

coating on implants at point of care, acting as an ‘‘antibi-

otic crayon.’’ Here we provide the initial description of the

antibiotic-loaded lipid-based material, which is advanta-

geous because of its ability to be applied to the entire

implant surface with clinician-selected antibiotics and its

potential to elute antibiotics and prevent biofilm formation

over time. Although antibiotics have been incorporated into

phosphatidylcholine coatings, antibiotic elution and effi-

cacy in inhibiting biofilm-based microorganisms have not

yet been characterized.

The primary question we posed for our study was

whether lipid-based carriers elute active antibiotics in vitro

and in vivo to inhibit biofilm formation on metal substrates.

Additionally, is the antibiotic-loaded coating effective in

preventing biofilm formation in an in vivo model of

polymicrobial biofilm?

Materials and Methods

We evaluated coatings with and without antibiotics for

antimicrobial activity in vitro and in vivo compared with

uncoated controls (Fig. 1).

Fabrication and Coating

Four types of coatings were fabricated by mixing 6 g of

Phospholipon 90G (Lipoid Gmb, Ludwigshafen, Germany)

and 2 g of antibiotic in the following four groups: 25%

amikacin-loaded (Group A), 25% vancomycin-loaded

(Group V), combination of 12.5% amikacin and 12.5%

vancomycin-loaded (Group AV), unloaded phosphatidyl-

choline (Group P), and uncoated controls (Group U).

Through a process of warming to 37� C and kneading

powdered antibiotics into Phospholipon 90G, a uniform

mixture of powdered antibiotics and phosphatidylcholine

was obtained for each experimental group. In preliminary

formulation experiments, 25% of powdered antibiotic was

selected as the loading percentage because consistency of

the coating was negatively affected at concentrations

higher than this amount. For formulations with dual anti-

biotics, 25% of total antibiotic was incorporated by mixing

12.5% of each. After loading into open-ended syringes,

materials were sterilized by low-dose (25 kGy) gamma

irradiation. Titanium coupons (19-mm diameter; Ti-6Al-

4V Grade 5) and stainless steel coupons (17-mm diameter;

316L stainless steel) were machined and sanded with 100,

220, 400, 800, and 1000 grit sandpaper to a uniform finish.

The coupons were then washed with dish soap, sonicated

for 5 minutes in 20 mL of phosphate-buffered saline (PBS)

to remove any leftover residual particulates, and auto-

claved at 121� C for sterilization. Coupons were coated

with each one of the three types of antibiotic coatings by

exposing solid material by depressing the plunger of the

open-ended syringes and manually applying the mixtures

until all surfaces were visibly coated and the uncoated

coupons served as controls.

Elution and Eluate Activity Studies

Coupons were placed in 12-well cell culture plates with

2 mL of PBS. Samples were taken and the medium was

refreshed each day for 7 days. Concentration of vanco-

mycin in eluates was determined by measuring absorbance

at 270 nm with a BioTek Synergy H1 plate reader (BioTek,
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Winooski, VT, USA) [72]. Concentration of amikacin in

eluates was determined by reacting 10-fold diluted samples

with a mixture of acetylacetone and formaldehyde in a

buffer solution of boric acid, acetic acid, and phosphoric

acid at pH 2.7 and boiling for 20 minutes. Fluorescence of

the reacted product was measured at 471 nm (410 nm

excitation) with a BioTek Synergy plate reader [46]. All

concentrations were normalized to standard curves of

known concentrations of antibiotics. Eluates were diluted

1:10 in 5-mL tubes with 1.75 mL of tryptic soy broth

(TSB), 200 lL of eluate, and inoculated with 50 lL of

Staphylococcus aureus (UAMS-1 strain) or Pseudomonas

aeruginosa (PA01) at approximately 1 9 106 colony-

forming units (CFUs)/mL. After overnight incubation,

absorbance was determined at 530 nm as an indicator of

planktonic bacterial growth.

Zone of Inhibition Studies

Titanium and stainless steel coupons were coated as de-

scribed previously. One set of Petri dishes was inoculated

with 1 9 105 CFUs of S aureus, and another set was

inoculated with P aeruginosa. One coupon each of anti-

biotic-loaded coated groups was placed on plates with

controls groups of P and U. Coatings V and AV were

placed with P and C controls on each plate of S aureus.

One coupon of each coating (A, AV, P, or C) was placed on

plates inoculated with P aeruginosa. Each set of antibiotics

and controls was placed on three separate replicate plates.

Zones of inhibition were imaged and the diameters

measured using Image J software (National Institutes of

Health, Bethesda, MD, USA).

In Vitro Biofilm Inhibition

From preliminary studies and reports in the literature [9], it

was determined that a modified TSB, containing 0.5%

glucose and 3% salt, would be used as the biofilm medium

for S aureus to improve consistency. Coated coupons and

controls were placed into wells of 12-well plates and

inoculated with 106 CFUs of either S aureus or P aeru-

ginosa in biofilm media and TSB, respectively. After

overnight growth, bacterial media were removed from the

wells and washed gently twice with PBS to remove any

planktonic cells. One coupon from each group was then

carefully removed so as not to disturb the biofilm and

stained with FilmTracer live/dead stain (Invitrogen,

Eugene, OR, USA) to visualize patterns of live and dead

bacterial cell attachment. Another coupon from each group

was also removed and placed in fixative for imaging with a

scanning electron microscope. Fixed biofilm samples on

coupons were washed several times in phosphate buffer,

postfixed in 1% osmium tetroxide in phosphate buffer, and

rinsed. Biofilm was en bloc stained with 2% uranyl acetate,

rinsed with deionized water, dehydrated in ethanol, and

dried using a critical point dryer [32]. Coupons were

mounted, biofilm side up, onto standard electron micros-

copy stubs that were coated with double-sided, carbon

black sticky tabs. Specimens were conductively coated

before imaging with a thin sputtercoating of gold-

Fig. 1 Diagram shows the experimental design.
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palladium (20 nm). Images at various locations on the

coupons and at different magnifications were acquired

using a Philips XL30 environmental scanning electron

microscope (FEI, Hillsboro, OR, USA). Four coupons from

each group were placed in 50-mL centrifuge tubes in

10 mL of PBS and vortexed for approximately 1 minute to

remove biofilm. The live bacteria removed were then

serially diluted in 10-fold increments and plated for colony

counting.

In Vivo Biofilm Inhibition

An established catheter biofilmmodel, using a subcutaneous

dorsal implantation of a catheter segment [74], was modified

to include a stainless steel wire (0.015-inch diameter, type

316L) that could be coated with antibiotic-loaded coating.

To place the wire within the catheters without sharp edges

exposed, the stainless steel wires were bent into loop shapes

(Fig. 2A). Catheters had a hole punched 2 mm from one of

Fig. 2A–B Photographs represent (A) stainless steel wires bent into loop shapes before coating and insertion into catheters; and (B) after

insertion of stainless steel wire into the catheter.

Fig. 3A–D Graphs show concentration of antibiotics in single-loaded coatings (A–B) and dual-loaded coatings (C–D) on titanium and stainless

steel coupons in PBS eluates over 7 days of elution.
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the edges to insert the bent end of the wire (Fig. 2B). Wires

and catheters were then washed, sterilized by autoclaving at

121� C for 20 minutes, and prepared for insertion into

catheters by coating with designated coatings. The five

coating-type groups (12 catheters in six mice) included

uncoated wires; uncoated wires with codelivery of antibiotic

solution (1 lg/mL vancomycin; 16 lg/mL amikacin);

phosphatidylcholine-only coated; AV-combination coated;

and A-coated. Amikacin was chosen as a single high-dose

antibiotic because of its activity against S aureus as well as

Gram-negative bacteria [58]. Two catheters from the same

experimental group were implanted into the dorsa of each

mouse bilaterally, one each on the right and left side of the

spine, and then inoculated with a polymicrobial mixture of

105 CFUs of S aureus (UAMS-1) and 104 CFUs of P aeru-

ginosa (Schroeter) Migula (ATCC1 27317TM, Manassas,

VA, USA) directly into the lumen of the catheter. After

48 hours, catheters and wires were retrieved, rinsed, and

separated for analysis of attached CFUs (10 catheters in five

mice/group) and scanning electron microscopy imaging

(two catheters in one mouse/group). Clearance rate was

calculated by determining the number of catheters with CFU

counts of zero and dividing by total number of catheters in

that experimental group.

Statistical Analysis

Four replicates in each group were chosen for the elution

and turbidity study based on activity and elution data from

previous studies of calcium sulfate and chitosan-based drug

delivery systems [8, 50] Based on a power analysis using

SigmaPlot (Systat Software, Inc, San Jose, CA, USA), it

was determined that a number of 4 provides approximately

80% power to detect a difference in proportions of solu-

tions with complete growth inhibition of 84% at a

significance level of 5% and provides over 80% power to

detect differences in concentration of 15 lg/mL or more in

antibiotic concentration given the standard deviation of

approximately 5 lg/mL. Three coupons in each group for

the zone of inhibition study gives over 80% power to detect

differences in clearing zones of 3 mm or more given the

approximate SD of 0.9 mm. For biofilm experiments,

assuming a SD of approximately 0.36, four coupons per

group gives over 80% power to detect log-fold reductions

in CFUs over 1 at a 5% significance level. One-way

Kruskal-Wallis analysis of variance with Student-New-

man-Keuls test post hoc were performed using Sigma Plot

(Systat Software, Inc, San Jose, CA, USA) to determine

whether colony counts in coated coupons or wires differed

from those in control groups. Using results of previous

studies determining log-fold reduction of CFUs in response

to antimicrobials [74], an a priori power analysis was

performed using SigmaPlot. Assuming a SD of 1 unit in

log-transformed CFU counts, five animals per group were

required for 80% power to detect a difference of 3 units

between the control group and each of the four experi-

mental treatment groups at a significance level of 5%.

Results

In Vitro Elution

For single loaded 25% antibiotic coatings, there was an

initial burst of 800 ± 371 lg/mL of amikacin or

84 ± 34 lg/mL of vancomycin during the first day with

decreasing elution until Days 5 and 6 when a second burst

of antibiotic was present in both antibiotic groups (Fig. 3

A–B). Similar first day elution values of 746 ± 300 lg/mL

of amikacin and 115 ± 21 lg/mL of vancomycin were

observed for coatings loaded with 12.5% of both antibiotics

(Fig. 3C–D). However, at the lower dual loading level, the

burst at 5 days seen in 25% loaded coatings was not

observed, and elution tapered off to below the minimum

inhibitory concentration by approximately Day 5.

Titanium Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
A – – – –  – – – – – † – † –  † † † –  † – – – – † – † † † †
V –  † – – –  † – –  – – – – – † – † – – † – – – † – –  † † †
AV – – – – – – – – † † † † † † † † † † † † † † † † † † † †
P † † † † † † † † † † † † † † † † † † † † † † † † † † † †
U † † † † † † † † † † † † † † † † † † † † † † † † † † † †

Stainless
A – – – – – † – † – – – – – – – – – † – † † † † † † † † †
V – – – – – † – † – † – † – † – † – – – – – † – † – † – †
AV – – – – – – – – – † – † – † – † † † † † † † † † † † † †
P † † † † † † † † † † † † † † † † † † † † † † † † † † † †
U † † † † † † † † † † † † † † † † † † † † † † † † † † † †

Titanium Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
A – – – –  – – – – – † – † –  † † † –  † – – – – † – † † † †
AV – – – –  – – – – † † † † † † † † † † † † † † † † † † † †
P † † † † † † † † † † † † † † † † † † † † † † † † † † † †
U † † † † † † † † † † † † † † † † † † † † † † † † † † † †

Stainless Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
A † – – – † – † – – † – † † –  † † – – – – † – – – † † † †
AV – – – – † † † – † – † † † † – – † † † † † † † † † † † †
P † † † † † † † † † † † † † † † † † † † † † † † † † † † †
U † † † † † † † † † † † † † † † † † † † † † † † † † † † †

A

B

S aureus

P aeruginosa

Fig. 4A–B Color-coded chart shows turbidity results for (A) S

aureus and (B) P aeruginosa over a 7-day period for amikacin 25%

(A); vancomycin 25% (V); combination amikacin and vancomycin,

12.5% each (AV); phosphatidylcholine only (P); and uncoated

controls (U). � � � � = no growth inhibition; – � � � = growth

inhibition in one sample; – � – � = growth inhibition in multiple

samples; – – – – = growth inhibition in all samples.
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In Vitro Colony Inhibition

For S aureus, 25% amikacin-loaded and 25% vancomycin-

loaded coatings had inhibitory effects for up to up to 3 days

and also on Days 5 and 6 (Fig. 4A). Combination-loaded

coatings with 12.5% of each antibiotic only inhibited

growth of S aureus for 2 days of elution. For P aeruginosa,

amikacin had inhibitory effects for up to 2 days of elution

with increased inhibitory effects on Days 5 and 6 (Fig. 4B).

Uncoated metal coupons had no effect on inhibition of

bacterial growth and phosphatidylcholine released into the

media without antibiotics also had no effect on bacterial

turbidity. The combination coating with amikacin reduced

to 12.5% only released inhibitory concentrations for 2 days

on both stainless steel and titanium coupons. Visual

inspection of coatings on coupons immersed in aqueous

solutions indicated that less coating was visible on stainless

steel coupons than titanium, starting at the 24-hour time

point. A minute amount of residual phosphatidylcholine

coating could be observed on titanium coupons for up to 5

to 7 days.

The antibiotic-loaded coatings had clear zones of inhi-

bition compared with P and U controls. Average diameter

of the zone of inhibition of vancomycin-loaded coating

against S aureus was 6 ± 1 mm (Fig. 5A) and average

zone of inhibition of amikacin-loaded coating against P

aeruginosa was 13 ± 2 mm (Fig. 5B). Results showed that

over the 24-hour period, all coatings, including nonantibi-

otic-loaded phosphatidylcholine, inhibited biofilm

formation by P aeruginosa on both titanium and stainless

steel coupons (3.1 ± 0 log-fold reduction, 95% confidence

interval for the difference in means, �3.7 to �2.5;

p\ 0.001). Although the phosphatidylcholine coating

alone significantly reduced S aureus biofilm formation on

coupons (4.3 ± 0.4 log-fold reduction, 95% confidence

interval for the difference in means, �5.1 to �3.6;

p\ 0.001), it did not completely inhibit attachment, and

coated titanium seemed to have a decreased attachment

compared with coated stainless steel (Fig. 6A). The anti-

biotic-loaded coatings resulted in a clearance rate of 100%

in coupons inoculated with P aeruginosa and a 56%

clearance rate in coupons inoculated with S aureus. On

titanium, there was a 3.1 ± 0.0 (95% confidence interval

for difference in means, �3.7 to �2.5; p\ 0.001) log-fold

reduction of P aeruginosa CFUs/coupon and a 5.6 ± 0.2

(95% confidence interval for difference in means, �6.175

to �4.827; p\ 0.001) log-fold reduction of S aureus on

coupons coated with antibiotic-loaded phosphatidylcholine

(Fig. 6). Images of biofilm formed on coupons demon-

strated that control groups without coating had attached

biofilm-forming bacterial colonies (Fig. 7), whereas few

colonies were found in coated groups. Of note is that

phosphatidylcholine and antibiotic-loaded phosphatidyl-

choline appeared to autofluoresce or bind to the dyes in the

green channel at high lighting levels, especially when

coated on titanium surfaces, giving an image of the surface

characteristics of the coating. The coating appeared as

‘‘globules’’ of material with an occasional ‘‘spider web’’

appearance when combined with both amikacin and van-

comycin. On titanium, coatings were observed to be

Fig. 5A–B Representative images show zone of inhibition results for

(A) S aureus and (B) P aeruginosa using titanium (top two images)

and stainless steel (bottom two images) coupons for vancomycin 25%

(V); combination amikacin and vancomycin, 12.5% each (AV);

phosphatidylcholine only (P); and uncoated controls (U).
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globular; coatings were sparse or absent on stainless steel

coupons (Fig. 8). Some S aureus bacteria were observed in

phosphatidylcholine-only-coated coupons in both groups,

confirming results of colony-counting studies.

In Vivo Inhibition and Clearance

Antibiotic-loaded coatings, both A alone and AV combi-

nation, were effective at inhibiting biofilm in vivo.

Fig. 6A–B Graph shows CFU counts from control and coated

titanium and stainless steel coupons (N = 4 each) for (A) S aureus

and (B) P aeruginosa. Data represented are mean ± SD. Asterisks

represent significant reduction in CFUs compared with the uncoated

control; # represents significant reduction in CFUs compared with the

P control (p\ 0.001).

Fig. 7A–B Photomicrographs show (A) UAMS-1 and (B) PA01. Live bacteria appear green; dead bacteria appear red. Phosphatidylcholine

coatings also demonstrate some autofluorescence in the green channel.

2276 Jennings et al. Clinical Orthopaedics and Related Research1

123



Antibiotic-loaded coatings resulted in a 100% clearance

rate of wires from S aureus and a 90% clearance rate of P

aeruginosa in the polymicrobial in vivo model with one

breakthrough in one wire in the in vivo study (Fig. 9).

There was an average 2.5 ± 0 (95% confidence interval for

the difference in means, 1.342–3.743; p\ 0.001) log-fold

reduction of S aureus biofilm formation on wires and a

0.83 ± 0.3 (95% confidence interval for the difference in

means, �0.1 to 1.6; p = 0.112) log-fold reduction of P

aeruginosa for antibiotic-loaded coatings compared with

untreated controls. The 95% confidence interval for the

difference in proportion of clearance of S aureus was

�1.407 to �0.193 (p = 0.053) and the simultaneous

injection of antibiotics resulted in slightly higher clearance

S. aureus Titanium Stainless steel

Uncoated 
control

P coating

AV coating

V coating

A

P. aeruginosa Titanium Stainless steel

Uncoated 
control

P coating

AV coating

A coating

B

Fig. 8A–B Scanning electron micrographs show images at various magnifications of control and coated coupons inoculated with (A) UAMS-1.

(B) PA01.

Fig. 9A–B Graph shows log CFU counts of (A) S aureus and (B) P aeruginosa from wire implants retrieved from in vivo study. Data

represented are mean ± SD. Asterisks represent significant reduction in CFUs compared with the uncoated no treatment control.
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rates of S aureus than no treatment (95% confidence

interval for difference in proportions, �0.891 to 0.291;

p = 0.74) (Fig. 10). There were no differences in clearance

rates of P aeruginosa. Wires with nonantibiotic coatings

had no inhibitory effect on biofilm formation. Scanning

electron microscopy images showed biofilm formation on

uncoated wires but no observable bacterial colonies on

wires coated with antibiotic-loaded phosphatidylcholine

(Fig. 11).

Discussion

The treatment of extremity trauma can be complicated by

polymicrobial infections and systemic antibiotic treatment

that can be toxic to organ systems [6, 11, 13, 35, 56, 58].

Localized antimicrobial drug delivery systems, including

biomaterial carrier matrices and coatings on implants, have

become a focus to combat biofilm formation and infection

for both preventive and treatment strategies [1, 7, 13, 27,

29, 43, 49, 63, 64]. We provide the initial description of a

novel lipid-based material we have developed to serve as a

carrier matrix for antibiotics that can be applied to an

implant with clinician-selected antibiotics at the point of

care. In our preliminary study, we demonstrated that active

antibiotics are eluted from coatings and showed antibiofilm

efficacy in both in vitro and in vivo models.

Our results should be interpreted in light of the limita-

tions of our study. The in vitro tests were preliminary

measures designed to estimate preliminary elution, reten-

tion, and antimicrobial properties of coatings. The elution

and turbidity studies do not fully replicate conditions

within an orthopaedic defect; however, the tests have

previously been used with various drug delivery systems to

characterize elution patterns and confirm antibiotic activity

[41, 57, 73]. ‘‘Rinsing’’ or ‘‘dipping’’ metal implants in

antibiotic has shown some biofilm inhibitory properties

[19, 31, 59], although we did not include control groups

with coupons soaked in antibiotics for in vitro tests because

antibiotic coatings applied in this manner and not chemi-

cally bonded to the implants have been shown to release

over 90% of antibiotic within 6 hours and are less effective

in vivo than prefabricated coatings [19, 37]. We did,

however, have an experimental group in the in vivo study

with coadministration of antibiotics to uncoated wires,

which is similar to this type of implant treatment. Among

types of sampling, complete refreshment of media with

daily time points has been shown to influence the elution

profile of antibiotic from the drug delivery vehicle, calcium

sulfate [41], and this sampling method was chosen as a

‘‘worst case’’ scenario. The elution of antibiotic from

phosphatidylcholine coatings within an orthopaedic defect

may be extended compared with the calcium sulfate elution

profile. We did not characterize the roughness of the metal

coupons because they were sanded to a uniform finish for

our study. Actual implant surface irregularities or varying

degrees of roughness may influence the retention of coat-

ings and affect elution profile [20, 61]. A further limitation

is that although we measured elution of drug from the

matrix, we did not quantify persistence, degradation, or

release of phosphatidylcholine coating into elution media

in this study. However, we did visually observe coatings on

coupons and noted that undissolved phosphatidylcholine

was present in saline elution media and that visible pieces

of solid phosphatidylcholine were present on coupons up to

Day 7.

The biofilm formation on each type of coupon appeared

to be consistent with other studies of biofilm [33, 38].

Although other model systems are available for in vitro

biofilm evaluation, including biofilm reactor systems with

shear flow components that may simulate physiologic

conditions [12, 18], we chose a static culture model to

address antibiofilm activity initially. Although there may

be differences in elution of antibiotics and bacterial adhe-

sion under shear flow conditions, we believe that the static

model provides a useful initial simulation of the conditions

of orthopaedic defects with limited vascularity. Future

studies may address the effects of fluid shear and constant

media perfusion on elution and activity characteristics. The

limitations of the animal model include the small size, soft

tissue instead of orthopaedic implantation, and limited

diffusion of physiologic substances within the sequestrum

of the catheter. The animal model is useful as a screening

tool for antibiofilm activity in vivo [54, 74, 75], where the

catheter serves as a sequestrum for localizing the bacterial

inoculum and as a nidus for biofilm formation. Because of

difficulty in applying coatings directly to the catheter, we

Fig. 10 Graph shows rate of clearance of implants from bacterial

attachment calculated by dividing number of catheters completely

clear of bacteria/number of implants (10 in each group).

2278 Jennings et al. Clinical Orthopaedics and Related Research1

123



modified the catheter-associated biofilm model by includ-

ing an easily coated stainless steel wire. Minimal diffusion

of fluid within the lumen of the catheter is a limitation of

this model in modeling physiological conditions to test

local drug delivery devices and the modification of this

model to include wires has not been previously validated.

Part of the wire was within the catheter lumen, and the

other part was exposed to the soft tissue and shear forces

resulting from fluid flow and animal movement. Despite

the limitations, our model provided a proof of principle that

the coatings inhibited biofilm formation on the wires.

Diffusion and elution were not characterized over a 48-

hour time course, but reduction in bacterial attachment

confirmed release of active antibiotics observed in our

in vitro studies. Future evaluations using coatings on

orthopaedic implants in more complex models should fol-

low our studies to confirm efficacy in clinically relevant

orthopaedic applications [8, 10, 62].

Elution of antibiotics from phosphatidylcholine coatings

applied to metal surfaces is initially described to follow a

burst release pattern with a second burst of antibiotic after

Day 5 when loaded at high concentration. We propose that

some of the crystals of antibiotic are entrapped within lipid

chains of phosphatidylcholine and that others are not bound

within lipid chains. Initial release of unbound antibiotic is

similar for different loading levels. Antibiotics not released

during this initial period may be released as the phospha-

tidylcholine molecules degrade or are hydrolyzed resulting

in the second burst effect. Amikacin, a smaller molecule

(molecular weight 585 g/mol) than vancomycin (molecular

weight 1449 g/mol), was released at a much higher level

during the first day of elution. Differences in molecular

weight and chemical structure may affect retention and

release of different antibiotics from phosphatidylcholine.

Antibiotics released from coatings were confirmed to be

active in inhibiting growth of microorganisms through

turbidity and zone of inhibition assays with similar activity

to other antimicrobial coatings [5, 14, 25, 43, 69]. Although

effective in inhibiting bacterial growth and biofilm for-

mation, several of the implant coating strategies have the

limitation of requiring prefabrication [25, 43] and chemical

modification with specific preselected antibiotics [4, 29].

Release of antibiotic resembles the burst release observed

in commonly used polymethylmethacrylate (PMMA) and

calcium sulfate drug delivery matrices [23, 47]. Unlike

PMMA, which requires secondary removal through surgi-

cal procedures, phosphatidylcholine coatings are

degradable and materials have been used in orthopaedic

applications [26]. Through application to the surface

directly, more coverage of the potentially contaminated

Fig. 11A–D Scanning electron micrographs show surfaces of wires from inner portion of catheter wire in untreated control group (A–B) and
antibiotic-loaded phosphatidylcholine-coated wires (C–D).
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implant site is provided compared with antibiotic-loaded

beads or sponges [34, 67, 70, 76].

Interestingly, we observed some inhibitory effect of

unloaded phosphatidylcholine on biofilm formation in vitro,

which may be a result of the hydrophobic nature of the

coating [21]. P aeruginosa biofilm was completely inhibited

by coatings in the 24-hour in vitro biofilm assay, which is

similar to the response of Gram-negative organisms to

hydrophobic surfaces in a study by Cheng et al. [17]. The

inhibitory effect of coating without antibiotic was not

observed in the in vivo study, likely as a result of the com-

peting effects of protein and cell adhesion [3, 78, 79]. Novel

nanoparticle systems releasing antibiotics or antimicrobial

silver have been shown to similarly inhibit bacterial growth

and biofilm formation, but balancing bactericidal efficacy

against cytotoxicity to the surrounding cells must be a con-

sideration before clinical use [2, 7, 16, 39].

The reduction in biofilm attachment in a challenging

polymicrobial in vivo model confirms the in vitro results

and is consistent with release of active concentrations of

antibiotic from various drug delivery vehicles [22, 45, 51,

54, 63]. Scanning electron microscopy images of biofilm

formation on implants resembled images from similar

retrieved infected implants [10, 52] with rounded S aureus

and rod-shaped P aeruginosa colonies visible in untreated

groups. Formation of fibrous tissue, to varying degrees,

along the outer portion of the wire exposed to soft tissue was

seen with morphology that may be indicative of fibroblast

or macrophage infiltration [3, 23, 36]. Material properties of

the coating may have contributed to this response [26, 77];

however, the majority of the fibrous tissue was formed at the

point of the wire that curved and extended from the catheter,

which may have been a location for rubbing and irritation as

the animals moved or were groomed.

In conclusion, phosphatidylcholine coatings are capable

of local delivery of active antibiotics and can be loaded

with antimicrobials to inhibit biofilm. Reduction of biofilm

on metal may be the result of a combination of lipid

material properties and localized antibiotic release. Anti-

biotic-loaded phosphatidylcholine coatings reduced

bacterial growth and biofilm formation on coated metal

substrates. We plan further development and testing,

including investigating efficacy in orthopaedic models and

use of different antimicrobial-loading strategies.
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